The difference in the composite of surge eevation and wave height for respective
scenariosis presented in Figure 24. The vast mgority of the sudy Site underwent a consderable
increase in SEWH vaues. The maximum difference occurs aong the east flank of East Idand
showing an increase of 32 ft. Thisvaueis high because the east flank of the idand migrated
westward and land was transformed into water over the gpproximate 40 year period. Notably,
the largest increases occur aong the bay shordlines and barriers proper where land was
transformed into water during the intervening time period. Where water was transformed into
land through barrier migration, areduction in SEWH is observed. The magnitude of increaseis
typicaly 8-10 ft although change >12 ft is readily apparent dong the marsh shordlines and
barriers.

Changein Surge and Wave Height: Early1990's— 2020

As presented in Figure 25, changes in maximum storm surge eevetion over this
gpproximate 30 year period gppear as a Sgnificant increase throughout much of the study Site.
The largest change occurs dong the barrier coast and bay fringing marsh north of 1des Dernieres
where increases of between 10 and greater than 12 ft were computed. In the marshes flanking
Terrebonne Bay increases typically range from 1 to 6 ft, with afew locations showing 10 ft. The
highest increase of 33 ft was computed a Fourchon.

Change in maximum sgnificant wave height is presented in Figure 26. With amaximum
increase of 13 ft occurring at Fourchon, the remainder of the study area shows a large percentage
of increase throughout. Increases of up to 5 ft occur dong the Ides Dernieres and bay marsh
shorelineto the north. Six to 8 ft increases occurred dong Timbdlier Idand. In the marsh north
of Terrebonne Bay, wave height increased between 1 and 4 ft.

The compogite of maximum surge and wave height differencesis presented in Figure 27.
Theincreasein SEWH iswidespread in the study area with the largest increases occurring at
Fourchon (45 ft), Timbadiers and in particular, Ides Dernieres and the adjacent marshes. At
these locations increasing values of SEWH range from 10 to >12 ft. Throughout the marsh north
of Terrebonne Bay, vauesincrease from 6 ft, although in severd location increases between 10
and >12 ft were computed.

Change in Surge and Wave Height: 1950 — 2020

Changes in surge, wave height and the composite of both are presented in Figures 28, 29
and 30 for the 70 year period between 1950 and 2020. The trends are, as expected, similar to
those discussed for the two time scenario presented earlier inthisreport. What is clearly evident
from dl figures and particularly the composite image in Figure 30, is that dmost the entire study
area experiences a sgnificant increase in storm surge and wave inundation for the 70 year time
difference. Virtudly the entire barrier coast experiences an increase greater than 12 ft as does
most of the fringing bay marsh. Theinterior of the marsh experiences typicaly 6-8 ft increases,
athough isolated areas experiencing > 12 ft also occur.
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Figure 25. Difference in Maximum Storm Surge between 1990’ s and 2020 scenarios.
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Figure 26. Differencein Maximum Significant Wave Height between 1990's and 2020 scenarios.
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Figure 27. Difference in Maximum Storm Surge and Maximum Wave Height between 1990’ s and 2020 scenarios.
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Figure 28. Differencein Maximum Storm Surge between 1950 and 2020 scenarios.
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Figure 30. Difference in Maximum Storm Surge and Maximum Wave Height between 1950 and 2020 scenarios.



Degree of Surface Area lnundation

It isdearly evident from the comparisons of both surge and wave height
presented here that physica |oss of the barrier idands and marsh resulted in a
consderable increase in modeled surge levels and wave heights. It is aso notable that
while this response is clearly evident on the barrier coast, the composite of waves and
surge show congderably more inundation for the 1990 s scenario when compared to that
of 1950 dong the bay marsh shordines and farther inland. The forecasted erosion of
both barriers and marsh to the year 2020 aso supports this conclusion. In Figure 31 the
degree of surface areainundated is presented for both timeintervas. In Figure 31A the
area of inundation is plotted againgt the maximum surge evation for both time periods.
Consdering the 1950- 1990’ s scenario, where the curve is above zero, thisindicates an
increase in areaimpacted by sorm surge. Since storm surge is not uniform throughout
the study area, incrementa surge levels are plotted againgt acreage inundated. Change
associated with surge levels greater than 15 ft were negligible and not included.

As an example, between 1950 and the early 1990’ s the acreage impacted by a
modeled 7 ft surge increased to 69,000 acres. Similarly, the early 1990’ s scenario
suggests that the acreage impacted by 12 ft surge levels increased to 49,000 acres. When
presented in thisfashion it is readily gpparent that on comparing maximum storm surge
levels for both scenarios, the loss of barrier idands and marsh resultsin an increasein
maximum surge levelsin the sudy area.  For the 1990's-2020 comparison (Figure 31A)
much of the curve shows an increase in acreage to a maximum of 20,000 acres up to the
12 ft surgelevel. The 12 and 13 ft surge intervals show a decrease of acreage of up to
15,000 acres (12 ft). It isevident, however, that the vast mgority of the Sudy area
experienced an increase in the surface areainundated by storm surge.

A smilar anadyss was performed for sgnificant wave height (Figure 31B) and
the composite of surge and wave height (Figure 31C). The curve representing
sgnificant wave height change and corresponding surface area shows adistinct increase
when the 1950 and 1990’ s scenarios are compared. A peak of 110,000 acres increase
corresponds to awave height of 6 ft. Similarly, comparison of the 1990’ s and 2020
scenarios show asimilar curve, dthough the peek increase in inundation is less at 58,000
acres. Findly, the composite of maximum surge and sgnificant wave height illustrate
the same trend for both scenarios where virtudly al of both curvesindicate a distinct
increase in area inundated increasing to a maximum of dightly greeter than 80,000 acres
for the 1950- 1990’ s scenario comparisons and 35,000 acres for the 1990’ s-2020
comparisons.

The data presented in Figure 31A, B and C are based on change that occurred
between the respective time intervas, 40 and approximately 30 years. In order to
normalize the data for thistime discrepancy the data were expressed as arate of change
per year. Thiswas undertaken to remove the differentia time bias and the data are
presented in Figure 31 D, E and F. While the curves take on exactly the same shape,
normaizing for the time disparity reduces the difference in magnitude of the surface area
change.
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Geo-Spatial Analysis

The potentid impact of hurricanes from storm surge and waves on the oil and gas
infragtructure in the study areais enormous due to the extent and number of facilities
located there, and to the fact that barrier idands and marshes have dragticaly diminished
inthe past 40 years. To illudrate the facilities at risk, the maximum combined surge plus
wave height occurring during the entire model sequence for 1990 was captured for each
cdl. A angle layer was created of maximum surge/wave height occurrence, which was
used to overlay selected oil and gas facilitieslocated in the study region. GIS geospatial
functions were employed to cal culate the number or length of oil and gasfacilitiesat risk.
These were enumerated and sorted by maximum surge plus wave height. The same
procedures were aso utilized to tabulate and sort festures by the difference in maximum
surge plus wave height between 1950 and 2020 based on the modd results. The results of
these calculations are shown in Tables 1 and 2. The resources at risk were derived from
the geospatid layers described below. Table 1 captures the number of facilitiesat risk as
afunction of combined maximum surge plus wave height, and illustrates that for each
category of resource a risk. The mgority of facilities are within the range of 10-20 feet,
with avery amdl percentage faling in higher ranges. The percentage areafor each height
vaueisdso provided in Table 1, and shows that the 10-19 feet range height accounts for
the mgjority of the study area, so that the pattern that is noted in the table is expected. The
majority of facilities would be exposed to very large combined wave and surge heights.
Table 2 illugtrates the difference in combined maximum surge plus wave height between
1950 and 2020. The percentage area of differences is more even than for the map of
maximums, athough the differences are more spatialy clustered. Neverthdess the
resources at risk tend to aggregate in relation to the height areas and do not show a ditinct
pattern. The table does easily reved however, that by far, ahigh percentage of facilities
are exposed to larger combined surge plus wave heights.

Petroleum Product Storage Stationsand Terminalsfrom LDEQ EIS
sour ce data

As presented in Figure 32, thisis a data set of point emission sources of volatiles
from operations that have Standard Industrial Classification (SIC) codes 4226 or 5171.
SIC code 4226 is for 'Specid Warehousing and Storage.” This category includes petroleum
and chemical bulk stations and terminals for hire. SIC Code 5171 isfor 'Petroleum Bulk
dations and Terminas.’ These are establishments primarily engaged in the wholesde
digribution of crude petroleum and petroleum products, including liquefied petroleum
gas, from bulk liquid storage facilities. These data were derived from Louisana
Department of Environmenta Quality (LDEQ) Emisson Inventory System (EIS) source
data. There are 7 in the entire study area.

Natural Gas Production and Distribution Facilities

Presented adso in Figure 32, is a subset of a point data set from the Equifax
Standard Indugtrid Classification Code (SIC) coded businesses in Louisianafor the
locations of al Naturad Gas Production and Digtribution Facilities having SIC Code
492500. Information includes the business name, addresses, and a contact person with
phone number.



Table 1. Oil and gas resources at risk, 1990 maximum surge plus wave height.

Crude
Petroleum | Natural Gas
Max Surge + | Oil & Gas | Production | Production | Oil & Gas | Percent
Wave Height Wells Facilities Facilities | Structures Area
5 6 0 0 0 0.89%
6 98 0 1 0 3.38%
7 160 33 0 1 2.20%
8 284 0 0 1 2.28%
9 214 0 0 1 2.53%
10 378 37 0 16 5.65%
11 905 98 1 22 6.83%
12 898 60 0 35 7.79%
13 1050 153 0 67 11.85%
14 902 41 2 73 7.09%
15 1361 84 0 89 9.68%
16 1183 68 0 103 11.93%
17 1244 95 1 136 6.78%
18 1297 60 0 188 8.40%
19 1391 50 0 69 4.69%
20 413 144 0 14 2.21%
21 23 0 0 11 1.65%
22 55 0 0 40 1.75%
23 56 0 0 66 1.35%
24 0 0 0 0 0.88%
25 0 0 0 0 0.20%
Totals 11918 923 5 932 100.00%

Table 2. Oil and gas resources at risk, 1950-2020 maximum surge plus wave height

difference.

Crude
Difference Max Petroleum | Natural Gas
Surge + Wave | Oil & Gas | Production | Production | Oil & Gas | Percent
Height Wells Facilities Facilities | Structures| Area
<=0 1572 97 2 314 15.11%
1 1994 178 2 239 18.38%
2 2363 142 2 154 17.54%
3 2133 112 0 78 16.59%
4 1425 64 1 32 11.27%
5 707 28 0 33 6.78%
>=6 2144 334 1 82 14.34%
Totals 12338 955 8 932 100.00%
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Crude Petroleum and Natural Gas Production and Extraction
Operationsfrom LDEQ EIS source data

Because of the horizontal spatia resolution of the source data, it is possible for
severd different NEDS pointsto fal in the same location in these data, even though they
are physicdly separated a the facility. Furthermore, because individuad NEDS points may
have several Source Classfication Codes, these multiple codes can dso result in multiple
points a the same location. Thisisadata set of point emission sources of volatiles from
operations that have Standard Industrial Classification (SIC) code 1311, Crude Petroleum
and Naturd Gas (Extraction) and is presented in Figure 32. This SIC classification
includes establishments primarily engaged in operating oil and gasfidd properties. Such
activities may include exploration for crude petroleum and naturd gas, drilling,
completing, and equipping wells, operation of separators, emulson bregkers, desilting
equipment, and field gathering lines for crude petroleum; and al other activitiesin the
preparation of oil and gas up to the point of shipment from the producing property. This
indugtry includes the production of ail through the mining and extraction of ail from ail
shale and oil sands and the production of gas and hydrocarbon liquids through
gasfication, liquid faction, and pyrolysis of cod at the mine site. Also included are
establishments which have complete respongbility for operating oil and gas wellsfor
others on a contract or fee basis. These data were derived from Louisiana Department of
Environmenta Quality (LDEQ) Emission Inventory System (EIS) source data.

Oil and GasWell Locations, Current Record Version 04/07/1999,
L ouisiana Department of Natural Resour ces, Office of Conservation

Presented in Figure 33 isa point dataset of the location of over 160,000 oil and gas
wellsin the sate of Louisiana. It was developed from a database of the permitted and
drilled ail and gaswellsin the state of Louisana compiled since the industry was first
regulated in the early 1900's. Specificaly, the dataset contains the current record (last
update to the record) for al of the wells permitted and drilled in Louisiana. These records
were obtained from the Office of Conservation legacy database then imported into Oracle
and exported to .dbf format to facilitate ArcView operation for in-house and public access
GIS. When the department completes its conversion to Oracle, more direct accessto the
entire higtorica database for oil and gas wdlls, including production records and imaged
documents) will be made available and linked through various software and hardware
configurations, including SDE (ESRI's Spatia Database Engine) for GIS use aswdll as
the department's SONRI'S 2000 web access. Numerous data fields for the wells are
included in the attribute table.

Oil and Gas Platform Structuresin the Gulf of Mexico from MM S
sour ce data

Thisisapoint data st for the location of over 4,300 MM S administered platform
structures used for oil and gas production in the Gulf of Mexico (Figure 34). Groups of
platform structures connected by wakways form ‘complexes.” There are approximately
3,700 such complexesin these data. Attribute data including presence of a heliport,
number of beds, storage tank presence, and ownership aggregated to the complex levd is



Figure 32. Distribution of crude petroleum and gas production facilities superimposed on the 1990’ s Maximum Storm Surge Elevation and Maximum
Significant Wave Height composite.
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available through an accompanying database file [pogxplmstammeg] that can be linked to
the structures. Full operator contact information may be linked from another included
database file. Most of these structures are seaward of the immediate Sudy areaand are
thus not included in the enumeration table.

Oil and Gas Structures

The digribution of oil and gas structuresis shown in Figure 34. Thisisapoint
data set of the location of over 4,900 oil field platform structures and derricksin
Louisana coagtd waters. John E. Chance & Associates, Inc acquired the geographic
location coordinates on the platforms. Most of these platforms are associated with oil and
gas wells from the Louisana Department of Natural Resources data set. These points
were used to geo-rectify the color IR digita orthophoto quarter quads (DOQQS)
occurring over water. The platforms are visble in the images. Attributes include status
and company.

Pipelines

Thisisaline data st for the location of pipeines (Figure 35). It is an incomplete
data set because dl the pipelinesin the Louisana coastd region have neither been located
nor digitized. The data used in this sudy were acquired from the Louisana Department
of Natura Resources permit database, the Minerds Management Service, and the
Louisana Geologica Survey. Attributes include: company, product code, type, Saus,
burid information, Sze, length, origin, and destination. Attributes vary depending on
source. Totd pipeline milesin the study areais caculated at 5,033 with the layers used.
Thisis an estimate only due to the fact that not dl pipelines in the region have been
documented, mapped, or digitized. Pipeine miles are not aggregated by wave/surge
heights.

Composites and Other Layers

A composite of dl of the above referenced layersis presented in Figure 36 where
the combined surge and wave height trends are dso illugtrated. In Figure 37, the layers
are shown rdative to the change in combined sorm surge levels and wave heights for the
period 1950-1990's. The composite maps depicting dl of the sudied oil and gas layers
in one view for both the maximums and the difference images show the strongly
clustered distributions of most features around oil and gas fields and connected by
pipdines. The figures dramaticdly illustrate the degree, extent, and complexity of the ail
and gas infragtructure in Louisiana potentialy exposed to storms. The map showing
maximums dramaticaly illustrates the large dudters of oil and gas activity aong the
outer coastline exposed to the upper level of combined surge and wave heights, with
these levels remaining strong in the center of the image in association with extensve
infragtructure. The difference map illustrates some of the largest increase in heights
occurring near some of the largest dlusters of oil and gas facilities. The map dso
dramaticaly illudtrates that nearly the entire infrastructure is potentially exposed to
increased surge and wave heights over time.



Future studies could include many additiona geo-spatid layers rlative to the ail
and gas infrastructure, hazardous waste facilities, roads and highways, power grid,
population, and community facilities, to name afew examples.
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Figure 33. Distribution of oil and gas wells superimposed on the 1990’ s Maximum Storm Surge Elevation and Maximum Significant Wave Height
composite.
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Figure 34. Distribution of platforms and structures superimposed on the 1990's Maximum Storm Surge Elevation and Maximum Significant Wave Height
composite.



Figure 35. Distribution of pipelines superimposed on the 1990’ s Maximum Storm Surge Elevation and Maximum Significant Wave Height composite.



Figure 36. Distribution of crude petroleum and gas production facilities superimposed on the 1990’ s Maximum Storm Surge Elevation and Maximum
Significant Wave Height composite.



Figure 37. Distribution of wells, pipelines, structures, platforms and facilities superimposed on the change in combined storm surge levels and wave
heights for the period 1950-1990's. The green shades indicate an increase in surge and wave height combined. Note that for clarity those increases above
6 ft are not provided. Thereader isreferred to Figure 24 for amore detailed representation of change.



SUMMARY and CONCLUSIONS

The potentid impact of hurricane-generated slorm surge and wave energy on the
oil and gas infrastructure located in the study areais enormous and can be attributed to
(2) the extent and number of facilities located there; and (2) the fact that barrier idands
and marshes have dragtically diminished in the past 40 years and are predicted to
continue doing so in the absence of amgor restoration effort.

Using a Hurricane Planetary Boundary moddl, a storm surge modd (ADCIRC)
and wave modd (SWAN), the resultant dataindicate that the vast mgority of the study
gte underwent a consderable increase in combined surge and wave height during the
interval 1950-1990's on running the “design” 1915 hurricane.  Thisis an important
period intimein that it represents the actual physica breakdown of the coast and to
which the increase in surge and wave height can be directly attributed. Thus, the
concluson isimportant in that it demondrates, for the first time, that the deterioration of
the south-central Louisana coast has likely resulted in an increase in surge and wave
height during this period in time. The data from this current research suggest that the
maximum difference in combined surge and waves occurs aong the east flank of East
Idand showing an increase of 32 ft. Thisvaueis high because the east flank of the
idand migrated westward and land was transformed into water over the gpproximate 40
year period. Notably, the largest increases occur aong the bay shordlines and barriers
proper where land was transformed into water during the intervening time period. The
magnitude of increaseistypicdly 8-10 ft dthough change >12 ft is reedily apparent
aong the marsh shordines and barriers.

Over the gpproximate 30 year period between 1990’ s and 2020, the mode
forecast results also indicate that a sgnificant increase in surge and wave height will
occur throughout much of the study Ste.  Increases are widespread in the sudy areawith
the largest occurring at Fourchon, Timbaliers and in particular, Ides Dernieres and the
adjacent marshes. At these locations increasing values range from 10 to >12 ft.
Throughout the marsh north of Terrebonne Bay, vaues increase from 6 ft, although in
severd location increases between 10 and >12 ft were computed.

Almost the entire study area experiences a significant increase in sorm surge and
wave inundation for the 70 year time difference (1950-2020). Virtudly the entire barrier
coast experiences an increase greater than 12 ft as does mogt of the fringing bay marsh.
Theinterior of the marsh experiencestypicaly 6-8 ft increases, dthough isolated areas
experiencing >12 ft aso occur.

The data presented here have very important implications for the oil and gas
infrastructure located in the study Site. The data suggest that in the absence of large-scae
barrier and marsh restoration, the current infrastructure will experience increasing surge
levels and increasing wave energy as the coast erodes. The datadramaticaly illustrate
that nearly the entire infrastructure is potentialy exposed to increased surge and wave
heights over time. It dso important to note that this conclusion pertains to tropical
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storms and weaker hurricanes that have shown historicdly, to have a high frequency of
landfdl aong the Louisana coad.

RECOMMENDED FUTURE WORK

This project was undertaken as a pilot effort to establish the linkage between
coastd and wetland loss, sorm surge and storm wave inundation, and variability with
time and space. The dataare conclusive in that they demonstrate the ability of barrier
idands and coastd wetlands to mitigate surge and wave energy during tropica cyclones
withafreguency of occurrence indicative of historica sorms impacting the Louisana
coadt. The data are extremey promising and the gpproach utilized here would yidd very
useful informetion if applied to other parts of the Louisiana coadt, for example, east dong
the Barataria region and west dong Vermillion parish. Additiond “design” storms could
be utilized and the research plan could be established in such away asto assst in
developing the optimum barrier idand template (fill geometry) for future barrier idand
restoretion.

A further recommendation involves the need for scientists and engineersto
include numerica wave modds in addition to surge Smulaionsin al future efforts. As
shown earlier in this report, omitting computations of wave heights from the gpproach
severdy underestimates the resultant super-elevated water level. Therefore, research
efforts should be directed towards further developing integrated surge- current-wave
models capable of amulating storm conditions in amore efficient manner. Thiswould
aso asss in enhancing emergency preparedness by providing a very powerful tool which
could enhance nowcast and forecast efforts.
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